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Abstract In order to improve the measurement precision of the homodyne laser interferometer for vibration
measurement, we propose a real-time active nonlinear compensation method based on the pseudo-extremums.
According to this method, the pseudo-extremums instead of the extremums are used to determinate the direct
current (DC) offset and alternating current ( AC) amplitude difference. Then the quadrature phase shift is
suppressed by the operation for vector phase correction. Experimental results show that the method proposed can
reduce the error caused by the bit error of digital signal transmission, laser power drift and Abbe error during
measurement. Laser power drift and Abbe error make the elliptic trajectory of quadrature signals into a spiral
shape. The peak-to-valley amplitude of residual error can be reduced to 0.8 nm by using the pseudo-extremums
method with the operation for vector phase correction, which has a more effective suppression for nonlinear error
than the conventional extremums method. Besides, the method proposed does not need complex calculation and
remains good instantaneity.
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PBS: polarizing beam splitter
QWP: quarter-wave plate

TM: target mirror

RM: reference mirror

HWP: half-wave plate

NPBS: non-polarizing beam splitter
PD: photo detector

TIA: trans—impedance amplifier
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Fig. 1 Optical path schematic of homodyne laser interferometer for vibration measurement
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Fig. 2 (a) Lissajous trajectories and (b) displacement measurement figure of quadrature signals in ideal case and real case

22 REWMIELHIREETHIMETE

454 (DS (AT DU R 15 5 5 B A
BRI KA
Wi =u, +p
. ) (5

ul ZT(uycosa —u,sina) +gq

itqj:r:Am/Amyo

XTFZE paqra BRIGETT — H LR 2
WOLT W M 4 & Gt A 42 M 5% 22 b 2 BIF 5% 19 A% 0 1)

R, BERT XA [, Heydemann'™ 42 T 2 g/

TR M B LA SR L R R EAE Sl u O Y

% 4 1] Sy A 82 1) R AR U il 2 352 O T

Ttk

A+ B + Culud + Dul + Eul =1,

(6)

AR A B.C.D.E " fe/h "R,

ZIRRAE (D~ QO KXTLRE S pg.ra.

(D~ ARy L XA N

081204-3



55, 081204(2018)

ANSHBIZFHRE

www.opticsjournal.net

2BD — EC
P=ciaaB” i
2AE — DC
—= 8
97 C" —4AB )
1/2
T:(gj ) (9)
a =arcsin C (4AB)"?, (10)

FsRIBIIZSE pogr.a IRA G R IR T2
QD R A AT A5 204G 1F 5 A B0 RS SRS L E

LRI .

w, =uy —p
u, = ! [(u? — p)sina +r(ul —q):|0

COs a

an
Heydemann # 1E 7] DLHR R Hb 410 il JF 26 1 152 22
JEH AR 5 BN ZHL p g orva AR T,
Heydemann # 1F & — Ff 3 # 19 %, A W
Heydemann # 1E 7% B & 22318, T LUz 7 i A
FE ST IR PSSR DL O R R AR R A S S Ab
L XL, Dai AR T — BT 0l LR R R 22
AMETTVE O B RE AR IE R 22 a =0, H X B it
TEIRZE(p.q) FINEFIRIRZE » TR IE, X TS
B p g R AR SR AR R 00F

d d
U 3 max U 2 min

P = f s (12)
ud +ud .
¥ max » min
q = f s (13)
1 {
Umax = Uemin Ay (14)
r = =
d d °
u (y max uty min A my

X R TR A 1 i AR Lk 2 25 B A AME Ty ik A
ARG A SN B0 DU RS R AR L BR
TR IE AR IE A8 1R 22 40, 78 I i 18] i T OB 2%
%S  Abbe 12 25 5 B T ¥ 15 5 1 18] 0 3 1
TEACTE AR LA B BT 5 5 1% B 15 05 1 B 1) S5 23090
H 2 XA AR TR 77 AR R T DT R AIR T B I A
5% 2 FRUAS A5 M 15 2 A 1E 1) A
23 ETHMEZNIELZEREIHESNNE

7k

BT X AE AT P A% GEAR (0 AT AR 42 1 15 22 A 2 f
FEAE R ) 1, A T4 45 10 T — 3 T O W (B 05 1Y)
A 2 P 15 22 5L 32 B A O L 3% T VR A R A
BARA2) ~ (14) 2 i B8 ke T 8 1 O e R 2
(p+q) FIARNGEMRRZE I 38 8 0% B A A A QE 12 551
il HE IE SR 2%

BT OWARAR 25 1 Al 4 M 13 22 S It 32 Bl b2 1k

T B TSGR I — 2 5 9 KA ] T A A 7 2k
M IESEAF S P wl F w4 RN AR
BRSOy X T — 21 S S B S a3 AT
BT /N FE G A Cn il 3 BT 8 5 4 5
A MLy = By S AR BRI (RS L 1 T W 54
P& SUFRiC M point 1. point 2. point 3 #1 point 4,
point 1 B x BHARFR 20 e AU A AL I2 I A 5 K I 50
x BAR BRI KA 0l o [RIBRTT LAAS B 00 ARG RHE
U prin \ufimax R E uf,pmz,x H udn RO ufipm;n ,
X AR AR S DA B 1

4000
2000 —
N\ uncorrected
o g plots
% —-2000¢ + fitted ellipse
X \ . point 1
5 -4000 . point 2
g . point 3
> =a00n point 4
-8000
—-10000
-12000

-2000 2000 6000
x /(2 V/8192)

&l 3 KRERIEAAE T HYME BRI DLG l 4e K D A8 3 1A 8
Fig. 3 Ellipse fitted curve of distorted quadrature signals and

calibration of pseudo extremums

WP 50wl 5wl BYAE 5 5 /IS 2K 1 T
HEIAR BT w0 o ()5 60§ o (1) 3R w0 F1
U i FE S o AL B IEE 4o (g ) A
o pmin ) o 8] PR AT DL AR 2] 0 o (22 ypmax ) A
U sor M ypmain ) s IHHEZE 00 i~ 1o~ 1y B 22 i
A R 8 B0 A2 0 B 2 AR SR AN AR ()15 0 X L S5
151 2R HLAEASAR 59 N 1R AT 2 T 05/ 3R v 1 A 5
A 2 B L HE 07K w o (M)
U ot O pmin ) 2 sort (2 ypmmax ) T 608 cor (2 ypmuin ) » T LA
YER DI AE AR A (15) ~ (17) 23R 1 371 8 1% 22
(p @ FIRGENRIR 2 r, IFE AT (18) 2 BR X P Fh i
%, (15 ~A) A EEX A

1 1
Lt; sort (n“)max) + u; sort (n“Jmin)

1 d
u(y sort (77 ypmax ) + u (3 sort (7’1 YPpmin )
d d
U 3 sort (7’1 xpmax ) T U sort (n xpmin ) A max ( 1 7 )
r = £ R
d 1
u y sort (77 ypmax ) - u(y sort (71 ypmin ) my

U =ul —p=A~A,.sinpl)
uy =rul —q)=A,.cosL o) +a]°
kB BR AR IE AR 2 s A 2R X
LRAEAZMPE BTN w, Fow,, AT R EAM ALK E B
BT DR — e R RS T w, My,

(18)

081204-4



55, 081204(2018)

ANSHBIZFHRE

www.opticsjournal.net

U,op =Uy H U =

T a . T a
ZAmICOS(Z + ?J sm[go(t) + T ?J

Uy — Uy — Uy —

A LA B O B AR A R TR I8 B B T PR I OE AL
5T BRI R R S AR I PR TR R
3 TSR L Y AR A R SR BT LA AR B R R
S0 I A R T R O AR LA R I B S AK)
I A5 Mg 12 2 TP Y o A A (L 3 98 R O (R T B
MNP BREFR] w, s Flow, s LB T

A9 e =rmEahies. CoORMELLY
U,y =U,» =Amsin[g0(t) + % — %]
( ) ( ) , (20)
U 2 sort \ 1T rpmax / U 22 sort n.rbmin ys a
=— ) 2 :Am S T o
Uos Uy sort(nypmax) T Uy sort(nypmin)uA . COS':gD([) + 4 2 :|

it':':' u‘lzsunﬂ] uyzsonj"?ﬂ%r?ﬁu ulzg Uyo E‘Jﬁﬁ%”?ﬂ
M BRI Y HE B A5 20 R A AL =

™ a
2A ., .cos| —+— |,
mlcos[4+2j

EARE B RS S —HE G T
eI A 18] E AR LR R T — O IR B A0, sl
S IEAZ AR S AR = A A v 5 e 5 2 — R A

3 BEPTE S0

AR TR0 2 38 Ao BB TR U I R T ORI (A Y
A et i 22 SE ) B AME I A R . O TR
TE &2 99 18] T OB A D R IR UL K Abbe 12 25 &
H T AR SR PE R A, R A Hu 0 #2101
B2 T R T A O IR S R O 5 LR A IE B T V5 A5 5. R
BOEK N .
ul =p+ A, @)sin (1)
w! =g+ A, (DcosLg(t) +al
15 BT A5 5 19 R ARSI Oy 154 kHz, SR A I (1]
HN01s. HHCHRXTHSHEREGHETHES.
F LAk AR E I A B . (22) N FRIBA R
p» =2200
q=—2100
A, () =4000 X (1-+0.52)
A, (1) =4600 X (1+0.5¢)°
a=—3°
@ (1) =271 X 4000t
HSEAZ HE AL, (OF A, (OB
MTETHES. AL (D5 A, (OMRERERN
A, (1) =4000 X (1 —0.62)
A, (1) =4600 X (1 —0.6£)°
4 JRIR T ARMATAE L ME DR 22 4 M 1 HOIE 28
BT B () I T A/ AR R A A (R UL il

2D

(22)

(23)

2 i Heydemann J5 35 £ 1 33 19 #5048 o8 (20 f8)
DA R Afi A A R 4 ) PR A (7 25 Ok et A A
132 SRS P 8 s S Gl ) . T LUE B 7R IE R,
2K B 1E B2 A5 5 59 R 5% 4 2 A R0 S £ DA, (o,
0) IR 181 5 1 | Heydemann J5 ¥ B AS PR 2H £2 14
A D 96 45 A Ok B M A IR 32 B )5 L 15 5 B9 1 5%
T A I R TR0 A A (0, 0) Y IE R . 7 22 13 W
(452 5 b 3 P P ARE I B 9 T AR 11 2 42 S ) 2 ol AN 46
MR 152 25 8 1 5 4% i AR VG I 8 B 3 A L HX O R
23 I 3 R

z

4000
2000

0 uncorrected plots

fitted ellipse

a
% -2000 - Heydemann method
= 4000 . pseudo-extremum
N T method with phase
S, —6000 correction

-8000

-10000

-12000

-4000 0 4000
x /(2 V/8192)

Bl 4 5 B IE 2255 E AL E RIS 1R B 4n 1&
Fig. 4 Lissajous trajectories of simulated quadrature signals

before and after correction
Heydemann 757 M fE 2% DL K P A 75 45 & 2K
FHOLA A8 53 0 7 A SO6 B4 A =1550 nm B 119 78
RRZEMWE 5 B, WEH Al LIE R L 45 G
IR AR A I 32 X R e 15 25 14 0 8 SR I A T
W AEL 12 s Heydemann J5 ¥ H T 1 &2 2 03158, v LA
AMERCR A J IR TR AR 22 1 I (/N T 0.1 nm,

4 SLEEER

B THNRRGHNERELEEG
S0 15 1 1Ok £ B0 T DI IR &R e

4.1

081204-5



55, 081204(2018)

ANSHBIZFHRE

www.opticsjournal.net

0.5
of AW

E _05 — pseudo-extremum
g method with phase
5-1.0 correction
=) extremum method
% -15 — Heydemann method
5 -2.0
g 25
& -2

-3.0

0 2000 4000 6000 8000
Displacement /nm

B 5 =Ry IR 0 07 LR Ay i 22
Fig. 5 Residual error of three compensation
methods in simulation
B 6 frn. SRR 1550 nm 1496 25 X 550 3%
4% (Rock Module, NP Photonics 23 A » £k 9 /N T
700 Hz. % 330 25 mW)AE KOG ; K DGk 5
ZHCHRAE 9076 % M # #% (COH24, Kylia 24 7))
R T W, A WA T WA S B P ROk

L4 #8 (PDB440C, Thorlabs 2 &) #2 i ; 5 £ ik
TR L HEI 5 i L LA S 2 R BT B SR AR
b A E 14-bit B0 5 T B R 4% CADC)
(AD9248, ADI A H)) R, I % 40 i F 15 5 15 &8
H Ji i 8075 5 A B 4 . S5 R 9 M 3 & o
INEVA TR B R TR A (PZ D M B - & MPT-1JN/
RL104 (AT T2 A 200 pm) B K B0 7 F & 45 1
#ir PPC-1CRO150 B i (o B F- 15 428 il i TC 2 by A2 400
AR, DT AT LA 3 A1 3 eR B S A A R
f HL U B R R PZT M B E A i s, ¥
ADC RHEBR B Ay s
W E A iz 3h 10 35 KO B R 0,06 m/s ., B 41 50 SR FE
16384 A~ s RFENF ] 258 0.1 s, 78 7% 1 A4 R 4R
5 S A7 R O H R 2 M S A LR ADC A
3 A 52 BR A BRI R 10.7 bit, %R 907 43 BE R
4 0.05 nm,

~154 kHz, %} i A]

interferometerpart = e
! fiber air-spaced i
! b optllcal doublet i
! eam circulator collimator |
| splitter | landel
i laser ! i
! 1550 nm >@ > ( ( ) i i
LO: local P 26mW | —
oscillartor ! i bpezo
SI: signal | | stage
| ' N
i ™ :
L !
T i balanced 1 !
! ¢ amplified 1 LO| |SI !
I — = photodetector 1 !
i Q i ' !
vibration [ = © ' 190° :
displacement ! | 8 % g Sin ¢| (F - :
|9 2 [ 8 [ H 270 i
| € g S data | | ) 90° opticall|
-t 'é} e 2 | |acquisition| ' 0°| hybrid |
- b g card |cos¢ (&) |« :
| e ) i o |
| 2 = 19) f balanced E |
Ve T (e ' amplified r------------- -
oo __________DPhotodetector;2
signal processing part detection part

6 JeLF A RBEOE T WMk R SR E A

Fig. 6 Schematic of system for vibration measurement based on fiber homodyne laser interferometer
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